1. Introduction {#sec1-nanomaterials-09-00149}
===============

Interest in clean energy research has increased owing to the growing threat of global warming resulting from the harmful emissions of greenhouse gases. The main ingredient of natural gas, methane (CH~4~), is considered an important substitute to petroleum \[[@B1-nanomaterials-09-00149]\]. Coalbed methane (CBM), a type of natural gas adsorbed onto coalbed with huge reserves, consists mainly of methane and nitrogen (N~2~), and also contains minor components such as carbon dioxide (CO~2~) and water \[[@B2-nanomaterials-09-00149]\].

The concentration of methane plays a vital role in the selection of the CBM approach utilized \[[@B3-nanomaterials-09-00149]\], and an extremely low concentration would limit this utilization. For example, ventilation air methane is usually released directly into the atmosphere, as technology for its use is lacking, which results in a serious greenhouse effect \[[@B4-nanomaterials-09-00149]\]. High-efficiency enrichment and application of methane from low-concentration CBM is essential for remitting the worrisome energy crisis, and could reduce greenhouse gas emissions, with great comprehensive benefits for energy, environmental protection, and society. In order to meet the quality required for civil use, the concentration of methane in CBM needs to be upgraded to at least 30% \[[@B5-nanomaterials-09-00149]\]. Therefore, the development of technology for gas separation and purification is warranted. Usually, moisture, carbon dioxide, and other acidic gases can be removed in advance through simple and mature processes. However, the separation of methane and nitrogen is the most difficult and important step for the enrichment of low-concentration CBM, because the two components are similar in kinetic diameter (0.381 and 0.364 nm) and their critical temperatures are very low.

Over the last few decades, CBM separation and purification technologies, including (mainly) solution absorption \[[@B6-nanomaterials-09-00149]\], cryogenic distillation \[[@B7-nanomaterials-09-00149]\], membrane separation \[[@B8-nanomaterials-09-00149]\], and pressure swing adsorption (PSA) \[[@B2-nanomaterials-09-00149]\], have been considered in numerous studies. Among them, cryogenic distillation is a relatively mature technology that is widely used; however, it is energy-intensive and costly \[[@B5-nanomaterials-09-00149],[@B9-nanomaterials-09-00149]\] and usually requires high flow rates to sustain process economics \[[@B10-nanomaterials-09-00149]\]. PSA, as an alternative approach, is considered the most cost-effective method, because it needs fewer resources, including energy, and is highly efficient \[[@B9-nanomaterials-09-00149],[@B10-nanomaterials-09-00149],[@B11-nanomaterials-09-00149],[@B12-nanomaterials-09-00149]\].

Adsorbents play an important role in the successful separation of methane and nitrogen using PSA technology \[[@B13-nanomaterials-09-00149]\]. Porous materials based on physisorption can probably be used for the separation and purification of CBM. Currently, the main adsorbents for CH~4~/N~2~ gas separation applications are activated charcoal, carbon molecular sieve, and zeolite molecular sieve \[[@B7-nanomaterials-09-00149],[@B9-nanomaterials-09-00149],[@B13-nanomaterials-09-00149]\]. In accordance with the reports related to the adsorptive property of methane--nitrogen binary gas mixtures \[[@B9-nanomaterials-09-00149],[@B14-nanomaterials-09-00149],[@B15-nanomaterials-09-00149],[@B16-nanomaterials-09-00149]\], the desired absorbent is required to have high structural selectivity and high thermal stability. Among a wide range of porous materials, metal--organic frameworks (MOFs) have attracted particular interest, owing to their rich designability and high porosity \[[@B17-nanomaterials-09-00149],[@B18-nanomaterials-09-00149],[@B19-nanomaterials-09-00149]\].

MOF materials have traditionally been synthesized via solvothermal methods. Additionally, new MOF materials, with high CH~4~ capacity and excellent CH~4~/N~2~ adsorption selectivity, have been synthesized in recent years \[[@B20-nanomaterials-09-00149],[@B21-nanomaterials-09-00149],[@B22-nanomaterials-09-00149],[@B23-nanomaterials-09-00149]\]. Zhou et al. reported a new flexible mesh-adjustable molecular sieve (MAMS-1), with a structure exhibiting the molecular door effect, i.e., the molecular door could open and close with various temperatures. At 113 K, the overall kinetic N~2~/CH~4~ selectivity was greater than 3 \[[@B20-nanomaterials-09-00149]\]. Senkovska et al. synthesized Cu~3~(btc)~2~ (HKUST-1) with a CH~4~ adsorption capacity of 16.5 wt.% at 298 K and 35 bar \[[@B21-nanomaterials-09-00149]\]. Similarly, Zhang et al. synthesized a novel Zn-based heterocycle metal--organic framework ZJU-197 (ZJU = Zhejiang University), which exhibited excellent CO~2~/CH~4~ and CO~2~/N~2~ adsorption selectivity \[[@B22-nanomaterials-09-00149]\]. Sumer et al. investigated the adsorption and diffusion of CH~4~/N~2~ mixtures in 102 different MOFs using molecular simulations and evaluated their adsorption-based and membrane-based separation performances. Three MOFs, BERGAI01, PEQHOK, and GUSLUC, exhibited the best adsorption selectivity \[[@B23-nanomaterials-09-00149]\].

The term "flexible MOFs" has been used to describe MOFs with stimuli-induced structural transformability of considerable amplitude \[[@B24-nanomaterials-09-00149]\]. Flexible MOF materials have become an important adsorbent (owing to their large specific surface area, adjustable pore size, and high porosity), however they are quite costly.

Additionally, mesoporous SBA-15, as a representative mesoporous silica material, has attracted substantial attention in the fields of adsorption, separation, and catalysis \[[@B25-nanomaterials-09-00149],[@B26-nanomaterials-09-00149],[@B27-nanomaterials-09-00149]\]. Considering the background of CBM application, adsorbents with high performance/cost ratio are needed. The complex preparation process, low yield, and high price of MOFs would limit their application. Thus, by the comparison of several commercial materials, a synthetic spherical SBA-15 with large surface area and excellent adsorption performance is selected as the carrier of MOF structure. Ni, as a cheap metal with good affinity to methane, is chosen as the metal center of the MOF material in the present work.

Therefore, an inexpensive adsorbent with excellent adsorption capacity and selectivity is needed for the enrichment of CH~4~/N~2~ gas mixture. In this study, two types of Ni-based MOF materials are synthesized, using a solvothermal method, on spherical SBA-15. The adsorption performance of the materials is compared, and the most suitable adsorbent is suggested for the adsorption and enrichment of CH~4~ from a CH~4~/N~2~ mixture.

2. Materials and Methods {#sec2-nanomaterials-09-00149}
========================

2.1. Synthesis of Spherical SBA-15 {#sec2dot1-nanomaterials-09-00149}
----------------------------------

In a typical synthesis, 3 g P123 was dissolved in a 60 mL solution of 1.5 mol/L HCl and vigorously stirred. Afterward, 0.6 g hexadecyl trimethyl ammonium bromide dissolved in 25 mL deionized water was added, prior to the addition of 20 mL absolute ethanol. The mixture was then heated to 35 °C, with 10 mL tetraethyl orthosilicate added in a dropwise manner. After stirring for 45 min, the mixture was heated statically at 75 °C under reflux for 5 h. Subsequently, the mixture was placed in a teflon-lined stainless steel autoclave and aged for 40 h at 80 °C. The mixture was then washed, dried, and calcined at 550 °C in air atmosphere, resulting in a white powder designated as SBA-15.

2.2. Synthesis of MOF-1/SBA-15 {#sec2dot2-nanomaterials-09-00149}
------------------------------

Firstly, 5-tert-butyl-1,3-benzenedicarboxylic acid (H~2~(bbdc), 375 mg) was dissolved in 7.5 mL ethylene glycol. Secondly, 750 mg nickel nitrate (Ni(NO~3~)~2~·6H~2~O) dissolved in 30 mL deionized water was added and the mixture was vigorously stirred \[[@B20-nanomaterials-09-00149]\]. A 500 mg SBA-15 sample was added during stirring and then placed in a teflon-lined stainless steel autoclave. The sample was statically heated at 210 °C for 24 h, and then slowly cooled to room temperature. The end product was then washed with a mixture of deionized water and methanol and dried under vacuum at room temperature, thereby yielding sample MOF-1/SBA-15. For comparison, pristine MOF-1 was prepared without the addition of SBA-15.

2.3. Synthesis of MOF-2/SBA-15 {#sec2dot3-nanomaterials-09-00149}
------------------------------

*N*,*N*-Dimethylformamide (DMF, 40 mL) was added to a mixture of terephthalic acid (1,4-BDC, 332 mg, 2.0 mmol), isonicotinic acid (248 mg, 2.0 mmol), and nickel nitrate (Ni(NO~3~)~2~·6H~2~O, 1784 mg, 6.0 mmol) \[[@B28-nanomaterials-09-00149]\]. A 500 mg SBA-15 sample was added to the mixture, which was then vigorously stirred. The mixture was subsequently placed in a teflon-lined stainless steel autoclave, and after holding for 96 h at 85 °C, the sample was slowly cooled to room temperature. The end product was washed with DMF and dried under vacuum at room temperature, thereby yielding sample MOF-2/SBA-15. For comparison, pristine MOF-2 was prepared without the addition of SBA-15.

2.4. Characterization {#sec2dot4-nanomaterials-09-00149}
---------------------

The microstructure of the sample was observed via scanning electron microscopy (SEM; Hitachi S-4800, Tokyo, Japan) at a working voltage of 15.0 kV. The Ni and Si content was determined via X-ray fluorescence (XRF; ARL-9800 spectrometer, Beijing, China) elemental analysis of the samples. The content of organic C, H, N, and O was determined using the dynamic combustion method on an elemental analyzer (CHNS; Elementar, Vario Macro Cube, Langenselbold, Germany). The phase composition of the samples was evaluated by means of X-ray powder diffraction (XRD; Philips X'Pro diffractometer, Amsterdam, Netherlands) operating at a tube voltage and tube current of 40 kV and 40 mA, respectively, with Cu Kα radiation with a wavelength of 1.5418 Å. Scans were performed over 2θ of 0.8°--3.0° in the small-angle range and 5°--80° in the wide-angle range. Fourier-transform infrared spectroscopy (FT-IR) of the samples was conducted on a Bruker Vertex 80v spectrophotometer (Beijing, China) using KBr pellets. A total of 64 scans were recorded, with a resolution of 4 cm^−1^. The specific surface area and pore volume of each catalyst were obtained by means of N~2~ adsorption measurements (Micrometrics ASAP-2020, Atlanta, GE, USA) at 77 K. The samples were pretreated at 623 K under vacuum prior to N~2~ adsorption.

2.5. Adsorption Performance {#sec2dot5-nanomaterials-09-00149}
---------------------------

High pressure adsorption isotherms were obtained from Micromeritics HPVA II (Mike, Atlanta, GE, USA). The sample was placed in an oven for 3 h at 150 °C and then degassed for 16 h at 200 °C under vacuum (pressure \< 0.03 bar). The sample tube was then cooled to room temperature and placed in a constant temperature water bath (Julabo F25-HE, accuracy: 0.01 °C). Afterward, the pressure was evacuated to and maintained at 0.02 bar for 30 min prior to the test. The test pressure and pressure balance condition were set such that the pressure changes by \< 0.003 bar within 3 min. After testing free space, the adsorption--desorption curve of the sample in gas was determined. A high purity CH~4~ (≥ 99.999%) and N~2~ (≥ 99.999%) adsorption gas was employed.

Low pressure adsorption measurements at pressure ranging from 50 to 150 kPa were performed on a self-built micro-reactor equipped with a thermal conductivity detector (TCD, Jingke, Shanghai, China). A total of 200 mg of the sample (0.25\~0.35 mm diameter) was placed in a fixed-bed straight stainless steel pipe reactor. The temperature of the reactor was monitored by a K-type thermocouple and connected to a temperature-indicator controller. The sample was pretreated at 150 °C in helium (He) flow for 2 h, cooled to room temperature, and then vacuumed to 8 kPa. After the test pressure and temperature were set and remained static, the adsorption gas diluted with He was flowed past the sample bed, and the change of gas content was detected by TCD. Corresponding adsorption and desorption amounts were calculated from the TCD results. The Langmuir model was used to determine the correlation between the adsorption selectivity of CH~4~ and N~2~ on the samples. A high purity He (≥ 99.999%), CH~4~ (≥ 99.999%), and N~2~ (≥ 99.999%) adsorption gas was employed.

3. Results and Discussion {#sec3-nanomaterials-09-00149}
=========================

3.1. Scanning electron microscopy (SEM) Images {#sec3dot1-nanomaterials-09-00149}
----------------------------------------------

As revealed via SEM images (see [Figure 1](#nanomaterials-09-00149-f001){ref-type="fig"}), the prepared samples are all uniformly spherical with sizes ranging from 5 to 10 μm. SBA-15 has a distinct spherical structure with a relatively smooth surface ([Figure 1](#nanomaterials-09-00149-f001){ref-type="fig"}A). MOF-2/SBA-15 also has a spherical structure (albeit with a few attachments on the surface; see [Figure 1](#nanomaterials-09-00149-f001){ref-type="fig"}C). This suggests that spherical SBA-15 plays an important role in the morphological characteristics of MOF-2/SBA-15. However, as shown in [Figure 1](#nanomaterials-09-00149-f001){ref-type="fig"}B, the MOF-1/SBA-15 sample appears as an accumulation of massive structures with a rough surface, indicating that the structure of spherical SBA-15 might have been partially destroyed during the synthesis process.

3.2. X-ray fluorescence (XRF) and Elemental Analysis {#sec3dot2-nanomaterials-09-00149}
----------------------------------------------------

The composition of the samples (see [Table 1](#nanomaterials-09-00149-t001){ref-type="table"}) was determined via XRF and CHNS analysis, with inorganic and organic components tested, respectively. SiO~2~ is the main component of SBA-15, while NiO constitutes 14.0 ± 0.02 wt % and 13.0 ± 0.01 wt % of MOF-1/SBA-15 and MOF-2/SBA-15, respectively, consistent with the amount of reagents added during the synthesis process. Therefore, Ni has been well integrated with SBA-15. Additionally, from the result of CHNS analysis, the contents of C, H, N, and O elements are basically consistent with the organic composition in the raw materials, with solvents included. The total organic contents of MOF-1/SBA-15 and MOF-2/SBA-15 are 38.2 ± 0.035% and 43.7 ± 0.057% by weight, respectively. Therefore, the samples should be activated for the removal of solvents before the test of the adsorption performance.

3.3. X-ray powder diffraction (XRD) Patterns {#sec3dot3-nanomaterials-09-00149}
--------------------------------------------

Small--angle X-ray diffraction (SXRD) can accurately characterize the organization of materials and is one of the main characterization techniques used for the identification of ordered mesoporous structures. The SXRD patterns of the samples are shown in [Figure 2](#nanomaterials-09-00149-f002){ref-type="fig"}. The characteristic pattern of SBA-15, with a high-intensity reflection at 2θ around 1.1° (corresponding to the (100) plane that can be indexed to a cavity with hexagonal symmetry), is observed for each material \[[@B29-nanomaterials-09-00149],[@B30-nanomaterials-09-00149],[@B31-nanomaterials-09-00149],[@B32-nanomaterials-09-00149]\]. The results in [Figure 2](#nanomaterials-09-00149-f002){ref-type="fig"} indicate that the ordered mesoporous structure has been retained after the modification with MOF-1 or MOF-2, although the morphology of MOF-1/SBA-15 differs from that of MOF-2/SBA-15.

The wide--angle X-ray diffraction (WXRD) patterns of the samples are shown in [Figure 3](#nanomaterials-09-00149-f003){ref-type="fig"}. For spherical SBA-15, the peak occurring at 2θ = 22.7° coincides exactly with that reported on the Joint Committee on Powder Diffraction Standards (JCPDS) card, indicating that SBA-15 has been successfully synthesized \[[@B29-nanomaterials-09-00149]\]. WXRD patterns were obtained to elucidate the crystal structures of pristine MOF-1 and MOF-2. The strong diffraction peaks (at 11.8° and 15.1° for MOF-1; at 11.1°, 18.7°, 42.9°, and 50.3° for MOF-2) indicate certain crystallinity of both samples and mean the formation of micropores \[[@B33-nanomaterials-09-00149]\]. For MOF-1/SBA-15, peaks occur at 2θ = 35.7°, 60.8°, and 72.6°, corresponding to the (111), (220), and (311) reflections of NiO, respectively, which indicates the partial decomposition of MOF-1 during the formation of the composite material \[[@B34-nanomaterials-09-00149]\]. The main diffraction peaks of MOF-2/SBA-15 appear with relatively low intensity at 2θ = 20.8°, 32.3°, 41.4°, and 53.9°, indicating that the incorporation of MOF-2 into SBA-15 is accompanied by blockage of some pores, with the existence of some Ni metals \[[@B35-nanomaterials-09-00149]\]. Therefore, MOF-1/SBA-15 and MOF-2/SBA-15 inherited the parent structure of SBA-15, even in the presence of Ni species.

3.4. Fourier-transform infrared spectroscopy (FT-IR) {#sec3dot4-nanomaterials-09-00149}
----------------------------------------------------

[Figure 4](#nanomaterials-09-00149-f004){ref-type="fig"} shows the FT-IR spectra of spherical SBA-15, MOF-1/SBA-15, and MOF-2/SBA-15. Each spectrum is characterized by absorption peaks at 1027, 816, and 465 cm^−1^, arising from the asymmetric and symmetric stretching vibrations, and bending modes, respectively, of the Si--O--Si framework. The broad band appeared at 3432 cm^−1^ is attributed to O--H stretching \[[@B36-nanomaterials-09-00149]\]. For MOF-1/SBA-15 and MOF-2/SBA-15, the absorption peak at 698 cm^−1^ is attributed to the vibration mode of O--Ni--O \[[@B37-nanomaterials-09-00149]\]. Meanwhile, several other peaks appear at wavenumbers ranging from 400 to 1800 cm^−1^, indicating the occurrence other functional groups. The bands at around 756 and 1058 cm^−1^ are attributed to the vibrational modes of phenyl ring, and the asymmetric and symmetric vibration of --COOH are observed at 1388 and 1604 cm^−1^ \[[@B38-nanomaterials-09-00149]\]. A strong band appears at 1275 cm^−1^ for MOF-1/SBA-15, due to the stretching vibration of N--C, indicating the existence of DMF.

3.5. Nitrogen Adsorption--Desorption {#sec3dot5-nanomaterials-09-00149}
------------------------------------

The porosity and textural property of the samples are determined from nitrogen adsorption--desorption isotherms (see [Figure 5](#nanomaterials-09-00149-f005){ref-type="fig"} for isotherms and corresponding Barrett-Joyner-Halenda (BJH) pore size distributions of the samples). The BET surface area and total pore volume are listed in [Table 2](#nanomaterials-09-00149-t002){ref-type="table"}. Meanwhile, pristine MOF-1 and MOF-2 were characterized for comparison.

According to International Union of Pure Chemical and Applied Chemistry (IUPAC), the nitrogen adsorption--desorption isotherms of SBA-15, MOF-2, and MOF-2/SBA-15 can be characterized as type I \[[@B34-nanomaterials-09-00149]\]. For *P*/*P*~0~ at around 0.0, the isotherm shows a sharp increase attributed to the micropores. The blend type IV is observed in MOF-1 and MOF-1/SBA-15 \[[@B5-nanomaterials-09-00149],[@B39-nanomaterials-09-00149]\]. The isotherm corresponding to SBA-15 exhibits an obvious inflection at *P*/*P*~0~ ranging from 0.3 to 0.6. This inflection results from the capillary condensation of nitrogen within pores with an H~2~-type hysteresis loop \[[@B40-nanomaterials-09-00149],[@B41-nanomaterials-09-00149]\]. The isotherms of two MOF/SBA-15 samples are similar to their pristine MOF structures, but have higher adsorption capacity. The hysteresis loop of MOF-1/SBA-15 is shifted to higher *P*/*P*~0~ (from 0.4 to 1.0) relative to that of SBA-15, and shows evidence of slit hole structures due to the aggregation of MOFs. For the MOF-2/SBA-15 sample, the *P*/*P*~0~ range of the hysteresis loop is narrower (from 0.3 to 0.6) than that of MOF-1/SBA-15, indicative of a different pore distribution.

The BJH pore size distributions are compared ([Figure 5](#nanomaterials-09-00149-f005){ref-type="fig"}B). The distribution of SBA-15 is uniform and narrow with an average pore diameter of 3.0 ± 0.15 nm. Average pore sizes of 3.6 ± 0.08 nm and 4.2 ± 0.21 nm are obtained for MOF-1 and MOF-2, respectively. Many 15-nm-diameter pores occur in the MOF-1/SBA-15 sample, possibly owing to accumulation of the structures (see the SEM images in [Figure 1](#nanomaterials-09-00149-f001){ref-type="fig"}B). Compared with that of MOF-1/SBA-15, the pore size distribution of MOF-2/SBA-15 is more uniform, indicating that MOF-2/SBA-15 exhibits better CH~4~/N~2~ adsorption selectivity than MOF-1/SBA-15.

A high specific surface area (i.e., 638 ± 9.6 m^2^/g; see [Table 2](#nanomaterials-09-00149-t002){ref-type="table"}) is determined for sample SBA-15. However, this area decreases when MOF-1 or MOF-2 is synthesized on SBA-15. During the synthesis process, the pores of SBA-15 might be damaged, resulting in the decrease of surface area \[[@B42-nanomaterials-09-00149],[@B43-nanomaterials-09-00149]\]. This is especially true for MOF-1, as evidenced by a surface area of 43 m^2^/g for the MOF-1/SBA-15 sample. The two pristine materials, MOF-1 and MOF-2, mainly exhibit a flocculent structure, but are extremely easy to agglomerate, with specific surface areas of only 26 ± 1.3 and 57 ± 2.1 m^2^/g, respectively. The existence of SBA-15 could facilitate the dispersion of MOF material. Similarly, consistent with the pore size distribution result, the total pore volume of MOF-1/SBA-15 and MOF-2/SBA-15 are both significantly lower than that of SBA-15, but slightly higher than the pristine materials.

The adsorption capacity of materials is affected by the BET surface area and pore size distribution, which also determine the capacity of samples for the selective adsorption of CH~4~ \[[@B44-nanomaterials-09-00149]\].

3.6. High Pressure Adsorption Isotherm {#sec3dot6-nanomaterials-09-00149}
--------------------------------------

For a given temperature and various pressures, adsorption isotherms can describe the equilibrium gas-adsorption capacity of adsorbents. The shape of the adsorption isotherm varies with the pore structure of the material. According to the IUPAC classification, there are six different types of adsorption isotherms, however only type I, II, IV, and VI curves are applicable to porous materials \[[@B45-nanomaterials-09-00149]\].

The adsorption isotherms of CH~4~ and N~2~ at 25 ^°^C are measured for the SBA-15, MOF-1, MOF-2, MOF-1/SBA-15, and MOF-2/SBA-15 samples (see [Figure 6](#nanomaterials-09-00149-f006){ref-type="fig"} for the corresponding results). Their adsorption curves exhibit characteristics (e.g., hysteresis in the isotherms) consistent with those of a type IV curve. Adsorption and desorption processes are only partly reversible and, therefore, their isotherms differ. Although the adsorption and desorption isotherms are not closed completely, they basically follow the same path, suggesting that the adsorbed molecules can be recovered and the adsorbents can be regenerated during the desorption process by decreasing the pressure to atmospheric pressure or vacuum condition, if necessary. As shown in [Figure 6](#nanomaterials-09-00149-f006){ref-type="fig"}, the adsorption amount and the retaining loop area of spherical SBA-15 are significantly larger than those of MOF-1, MOF-2, MOF-1/SBA-15 and MOF-2/SBA-15. This indicates that, of the samples, spherical SBA-15 has the best CH~4~ and N~2~ adsorption capacity at elevated pressures, suggesting that it is the best adsorbents for CH~4~ or N~2~ storage. The MOF structures may have occupied some of the pores in SBA-15, resulting in fewer adsorption amounts than that of the SBA-15 sample. MOF-1/SBA-15 and MOF-2/SBA-15 show higher adsorption amounts than pristine MOF-1 and MOF-2, benefitted from the mesoporous structures with the participation of SBA-15.

3.7. Determination of Adsorption Selectivity Parameters {#sec3dot7-nanomaterials-09-00149}
-------------------------------------------------------

In order to evaluate the adsorption selectivity and predict the adsorption performance of gas mixture from pure component isotherms, low pressure adsorption of CH~4~ and N~2~ was measured at 25 ^°^C, with the pressure ranging from 50 to 150 kPa, i.e., *P*/*P*~0~ = 0.5\~1.5, as listed in [Table 3](#nanomaterials-09-00149-t003){ref-type="table"}. This pressure range represents the typical vacuum pressure swing adsorption conditions for CBM enrichment.

The Langmuir model is used to fit the isotherms and determine the correlation between CH~4~ and N~2~ adsorption on the samples \[[@B44-nanomaterials-09-00149]\]. The Langmuir adsorption Equation (1) can be transformed to Equation (2):$$V = \frac{V_{m}BP}{1 + BP}$$ $$\frac{1}{V} = \frac{1}{BV_{m}} \cdot \frac{1}{P} + \frac{1}{V_{m}}$$ where *V* is the volume of the adsorbed gas in standard state when the partial gas pressure is *P*. The Langmuir isotherm equation parameters *V*~m~ (mL/g) and *B* can be determined from the slope and intercept of a linear Langmuir plot of (1/*V*) versus (1/*P*), see equation (2) \[[@B46-nanomaterials-09-00149],[@B47-nanomaterials-09-00149]\]. The adsorption values of the samples in [Table 3](#nanomaterials-09-00149-t003){ref-type="table"} were processed and plotted, respectively, and Langmuir equation was used to fit the points with the fitted equation and correlation coefficient R^2^ provided ([Figure 7](#nanomaterials-09-00149-f007){ref-type="fig"}).

Knowledge of the adsorption capacity and selectivity of the adsorbent is essential for evaluating the efficiency of the adsorbent for the adsorption-induced enrichment of CH~4~ from the gas mixture. The adsorption equilibrium selectivity of a CH~4~/N~2~ gas mixture is defined as: $$\alpha_{CH_{4}/N_{2}} = \frac{X_{CH_{4}}}{X_{N_{2}}} \cdot \frac{Y_{N_{2}}}{Y_{CH_{4}}} = \frac{b_{N_{2}}}{b_{CH_{4}}}$$ where *X*~CH4~ and *X*~N2~ are the molar fractions of CH~4~ and N~2~ in the adsorbed phase, *Y*~CH4~ and *Y*~N2~ are the molar fractions of CH~4~ and N~2~ in the gas phase, *b*~N2~ is the slope of the N~2~ line and *b*~CH4~ is the slope of the CH~4~ line. Thus, the α~CH4/N2~ values of the samples can be calculated from the results of [Figure 7](#nanomaterials-09-00149-f007){ref-type="fig"}. [Table 4](#nanomaterials-09-00149-t004){ref-type="table"} lists the adsorption selectivity parameters of the samples, with some reported results included \[[@B46-nanomaterials-09-00149],[@B47-nanomaterials-09-00149]\].

In the enrichment and separation process, the adsorption amount will determine the concentration of gas released. Therefore, the value of the saturated gas adsorption (*V*~CH4~ and *V*~N2~) at 150 kPa represents an important parameter in selecting the adsorbent.

The adsorption capacity ratio of two components under varying pressures, i.e., the adsorption capacity selection coefficient, *W*, plays an important role in the adsorption separation. This capacity refers mainly to the adsorption amount of a component under high and low adsorption pressures, and can be calculated from the adsorption isotherm of the pure components. For example, consider the case of CH~4~ and N~2~: $$W_{CH_{4}/N_{2}} = \frac{\Delta V_{CH_{4}}}{\Delta V_{N_{2}}} = \frac{V_{CH_{4}(150{kPa})} - V_{CH_{4}(50{kPa})}}{V_{N_{2}(150{kPa})} - V_{N_{2}(50{kPa})}}$$ where *ΔV*~CH4~ and *ΔV*~N2~ are, for CH~4~ and N~2~, respectively: working capacity calculated as the adsorption equilibrium capacity difference at an adsorption pressure of 150 kPa and a desorption pressure of 50 kPa (see [Table 4](#nanomaterials-09-00149-t004){ref-type="table"}).

For pressure swing adsorption process, the adsorbent selection parameter *S* is more useful in adsorbent evaluation and selection \[[@B44-nanomaterials-09-00149],[@B46-nanomaterials-09-00149]\], which can then be determined from: $$S_{CH_{4}/N_{2}} = \alpha_{CH_{4}/N_{2}} \cdot W_{CH_{4}/N_{2}}$$

The adsorbent selection parameter *S* can be used to compare the adsorption performance of various absorbents. The value of *S* increases with the improving adsorption performance of the adsorbent.

From [Table 4](#nanomaterials-09-00149-t004){ref-type="table"}, the samples may be written in descending order of the adsorption equilibrium selectivity α~CH4/N2~ and adsorbent selection parameter *S*~CH4/N2~ as follows: MOF-2/SBA-15 \> MOF-2 \> MOF-1/SBA-15 \> SBA-15 \> MOF-1. MOF-1/SBA-15 and MOF-2/SBA-15 show higher adsorption selectivity than pristine MOF-1 and MOF-2, indicating that the composition of MOF structure and SBA-15 facilitates the selectivity for CH~4~ adsorption. MOF-2/SBA-15 exhibits the best adsorption selectivity, as evidenced by its *α*~CH4/N2~ value of 3.44 and *S*~CH4/N2~ value of 11.1. For equilibrium adsorption, the *α*~CH4/N2~ value of MOF-2/SBA-15 is slightly lower than the reported MOF-177 and activated carbon; for pressure swing adsorption, the *S*~CH4/N2~ value of MOF-2/SBA-15 is higher than the reported results in the same conditions \[[@B46-nanomaterials-09-00149],[@B47-nanomaterials-09-00149]\]. Anyway, the adsorption capacity of spherical SBA-15 is the largest among the samples. Therefore, MOF-2/SBA-15 should be further improved to meet the requirement of the most suitable adsorbent for the adsorption enrichment of the CH~4~/N~2~ mixture.

4. Conclusions {#sec4-nanomaterials-09-00149}
==============

In summary, two types of Ni-based MOF/SBA-15 composite materials, MOF-1/SBA-15 and MOF-2/SBA-15, have been successfully synthesized and characterized. The results of the structural characterization and adsorption performance test revealed that the MOF-2/SBA-15 sample has the best CH~4~/N~2~ adsorption selectivity, with an adsorbent selection parameter (*S*) of 11.1. Spherical SBA-15 has the largest BET surface area, pore volume, and (in turn) adsorption capacity. This may have resulted from the fact that some of the mesopores of SBA-15 were plugged during the synthesis of MOF-2/SBA-15. Further research and optimization of spherical SBA-15-based MOF materials are required for achieving both excellent adsorption selectivity and large adsorption capacity. These materials may provide new methods for the effective enrichment of CH~4~ from the CH~4~/N~2~ mixture.

Conceptualization, H.L. and F.Z.; methodology, H.L. and W.D.; formal analysis, S.L. and X.T.; investigation, W.D. and X.T.; data curation, W.D. and S.L.; writing---original draft preparation, W.D.; writing---review and editing, H.L., S.L. and F.Z.; funding acquisition, H.L and F.Z.

This research was funded by the National Natural Science Foundation of China (51504242), the Natural Science Foundation of Jiangsu Province (BK20140191), the Program for Changjiang Scholars and Innovative Research Team in University (IRT_17R103), and A Project Funded by the Priority Academic Program Development of Jiangsu Higher Education Institutions (PAPD).

The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.

![SEM images of the samples: (**A**) spherical SBA-15; (**B**) MOF-1/SBA-15; (**C**) MOF-2/SBA-15.](nanomaterials-09-00149-g001){#nanomaterials-09-00149-f001}

![Small-angle X-ray diffraction (SXRD) patterns of spherical SBA-15, MOF-1/SBA-15 and MOF-2/SBA-15.](nanomaterials-09-00149-g002){#nanomaterials-09-00149-f002}

![Wide-angle X-ray diffraction (WXRD) patterns of spherical SBA-15, MOF-1, MOF-2, MOF-1/SBA-15 and MOF-2/SBA-15.](nanomaterials-09-00149-g003){#nanomaterials-09-00149-f003}

![FT-IR spectra of spherical SBA-15, MOF-1/SBA-15 and MOF-2/SBA-15.](nanomaterials-09-00149-g004){#nanomaterials-09-00149-f004}

![(**A**) Nitrogen adsorption--desorption isotherms of the samples; (**B**) BJH pore size distribution of the samples.](nanomaterials-09-00149-g005){#nanomaterials-09-00149-f005}

![Adsorption and desorption equilibrium isotherms of CH~4~ (**A**) and N~2~ (**B**) for the samples.](nanomaterials-09-00149-g006){#nanomaterials-09-00149-f006}

![(1/*V*) versus (1/*P*) plots of CH~4~ (**A**) and N~2~ (**B**) for the samples. Symbols: experimental values; ―― linear fitting to the Langmuir equation.](nanomaterials-09-00149-g007){#nanomaterials-09-00149-f007}
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###### 

The composition of the samples.

  Samples        Inorganic Component (wt %)   Organic Component (wt %)                                             
  -------------- ---------------------------- -------------------------- ------------- ------------- ------------- -------------
  SBA-15         100                          \-                         \-            \-            \-            \-
  MOF-1/SBA-15   47.8 ± 0.07                  14.0 ±0.02                 21.5 ± 0.02   2.8 ± 0.005   \-            13.9 ± 0.01
  MOF-2/SBA-15   43.3 ±0.06                   13.0 ±0.01                 23.5 ± 0.03   2.8 ± 0.004   4.0 ± 0.003   13.4 ± 0.02
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###### 

Textural properties of the samples from nitrogen adsorption--desorption results.

  Samples        BET Surface Area (m^2^/g)   Average Pore Diameter (nm)   Total Pore Volume (cm^3^/g)
  -------------- --------------------------- ---------------------------- -----------------------------
  SBA-15         638 ± 9.6                   3.0 ± 0.15                   1.28 ± 0.09
  MOF-1          26 ± 1.3                    3.6 ± 0.08                   0.25 ± 0.04
  MOF-2          57 ± 2.1                    4.2 ± 0.21                   0.31 ± 0.03
  MOF-1/SBA-15   43 ± 2.3                    4.0 ± 0.33                   0.53 ± 0.04
  MOF-2/SBA-15   171 ± 3.5                   3.1 ± 0.17                   0.43 ± 0.02
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###### 

The low-pressure adsorption capacity of CH~4~ and N~2~ on the samples.

  Samples        CH~4~ Adsorption   N~2~ Adsorption          
  -------------- ------------------ ----------------- ------ ------
  SBA-15         0.49               0.87              0.50   0.45
                 0.70               1.24              0.70   0.62
                 1.02               1.78              1.00   0.88
                 1.29               2.24              1.32   1.15
                 1.64               2.72              1.64   1.34
  MOF-1          0.57               0.20              0.56   0.17
                 0.71               0.26              0.76   0.20
                 1.08               0.28              1.10   0.24
                 1.25               0.32              1.27   0.27
                 1.52               0.37              1.53   0.29
  MOF-2          0.55               1.42              0.51   0.30
                 0.71               1.54              0.76   0.38
                 1.10               1.68              1.12   0.45
                 1.26               1.72              1.28   0.50
                 1.52               1.89              1.47   0.57
  MOF-1/SBA-15   0.51               0.09              0.49   0.04
                 0.72               0.14              0.71   0.06
                 1.11               0.22              1.01   0.08
                 1.27               0.23              1.29   0.11
                 1.66               0.28              1.66   0.14
  MOF-2/SBA-15   0.50               0.65              0.50   0.19
                 0.69               0.92              0.71   0.27
                 1.14               1.39              1.02   0.38
                 1.33               1.69              1.23   0.46
                 1.63               2.11              1.66   0.59
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###### 

Summary of the parameters related to the adsorption selectivity of the samples calculated from the pure gas adsorption performances.

  Samples            Adsorption Equilibrium Amount (mL/g)                                                                                             
  ------------------ ------------------------------------------------------ ------------------------------------ ------------------------------------ -----------------------------------
  SBA-15             2.56                                                   1.30                                 1.23                                 0.58
  MOF-1              0.35                                                   0.29                                 0.21                                 0.18
  MOF-2              1.82                                                   0.54                                 0.49                                 0.41
  MOF-1/SBA-15       0.28                                                   0.13                                 0.15                                 0.07
  MOF-2/SBA-15       1.89                                                   0.55                                 0.90                                 0.24
                     **Parameters related to the adsorption selectivity**                                                                             
                     ***α*** **~CH~** **~4/N~** **~2~**                     ***W*** **~CH~** **~4/N~** **~2~**   ***S*** **~CH~** **~4/N~** **~2~**   **Reference**
  SBA-15             1.99                                                   1.84                                 3.66                                 
  MOF-1              1.12                                                   1.39                                 1.56                                 
  MOF-2              2.66                                                   1.93                                 5.13                                 
  MOF-1/SBA-15       2.17                                                   2.19                                 4.75                                 
  MOF-2/SBA-15       3.44                                                   3.24                                 11.1                                 
  MOF-5              1.13                                                   \-                                   0.67                                 \[[@B46-nanomaterials-09-00149]\]
  MOF-177            4.00                                                   \-                                   8.45                                 \[[@B46-nanomaterials-09-00149]\]
  Zeolite 5A         0.94                                                   \-                                   0.81                                 \[[@B46-nanomaterials-09-00149]\]
  Activated carbon   4.60                                                   \-                                   4.02                                 \[[@B47-nanomaterials-09-00149]\]
